Neurochemical Research, Vol. 24, No. 2, 1999, pp. 321-329

Energetics of Functional Activation in Neural Tissues*

Louis Sokoloff'>

(Accepted July 22, 1998)

Glucose utilization (ICMR,,.) increases linearly with spike frequency in neuropil but not perikarya
of functionally activated neural tissues. Electrical stimulation, increased extracellular [K*] ([K*],),
or opening of Na* channels with veratridine stimulates ICMR,,, in neural tissues; these increases
are blocked by ouabain, an inhibitor of Na*,K*-ATPase. Stimulating Na*,K*-ATPase activity to
restore ionic gradients degraded by enhanced spike activity appears to trigger these increases in
ICMR,,. Cultured neurons behave similarly. Astrocytic processes that envelop synapses in neuropil
probably contribute to the increased ICMR,,.. ICMR,,, in cultured astroglia is unaffected by elevated
[K*], but is stimulated by increased intracellular [Na*] ([Na*],), and this stimulation is blocked by
ouabain or tetrodotoxin. L-Glutamate also stimulates ICMR,,. in astroglia. This effect is unaffected
by inhibitors of NMDA or non-NMDA receptors, blocked by ouabain, and absent in Nat*-free
medium; it appears to be mediated by increased [Na*]; due to combined uptake of Na* with glu-
tamate via Na*/glutamate co-transporters.
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INTRODUCTION

The [“C]deoxyglucose ([“C]DG) method (1) pro-
vided the means to measure rates of glucose utilization
(ICMR,,.) simultaneously in all local regions of the ner-
vous system. Its application in numerous studies in con-
scious animals and man have established that functional
activation stimulates energy metabolism in neural tissues
as it does in other tissues (2). The magnitude of the
increases in energy metabolism bears a quantitative re-

lationship to the degree of functional activation. For ex-
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ample, retinal stimulation by light flashes increases
ICMR,, in proportion to the logarithm of the light in-
tensity in structures of the brain that receive direct pro-
jections from the retina (Fig. 1) (2,3). Electrical
stimulation of the cervical sympathetic trunk or sciatic
nerve increases ICMR,,, almost linearly with spike fre-
quency in the superior cervical ganglion (4) or dorsal
horn of the lumbar spinal cord (5), respectively (Fig. 2).
The glucose consumed per single action potential can be
determined from the slope of the straight line; it equals
0.4 nmol/g of tissue per spike in the superior cervical
ganglion and 0.6 nmol/g per spike in the dorsal horn of
the lumbar spinal cord (Fig. 2).

Abbreviations Used: [“C]DG, 2-deoxy-D-[1-*Clglucose; ICMR,, lo-
cal cerebral glucose utilization; [K*],, extracellular K+ concentration;
[Na*],, intracellular Na* concentration; dbcAMP, N-6,2'-O-dibutyryl
cyclic AMP; THA, pL-threo-B-hydroxyaspartate; CNQX, 6-cyano-7-
nitroquinoxaline-2,3-dione.
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Fig. 1. Rates of glucose utilization as function of intensity of retinal
illumination with randomly timed light flashes in various layers of
superior colliculus and lateral geniculate nucleus of dark adapted al-
bino and pigmented rats. From Miyaoka et al. (3).

Biochemical Mechanisms of Functional Activation
of Energy Metabolism at Tissue Level

Muscles move or support masses against gravita-
tional forces; the heart pumps blood against a pressure
head; and kidneys transport water and solutes against
osmotic and concentration gradients. These functions all
involve physical work that clearly require an expenditure
of energy. It is less obvious what energy-requiring work
nervous tissues do when they are functionally activated.
Clearly, it must involve the generation, propagation, and
conduction of action potentials inasmuch as the rate of
glucose utilization increases almost linearly with spike
frequency (Fig. 2). Action potentials are passive reflec-
tions of increased Na* influx and K+ efflux in neurons
and do not directly consume energy but draw on the
potential energy stored in the membrane potentials.
Therefore, with higher spike frequencies there should be
greater increases in the concentrations of intracellular
Na* ([Na*]) and extracellular K+ ([K*],) and, therefore,
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Fig. 2. Relationship between frequency of action potentials and glu-
cose utilization in dorsal horn of lumbar spinal cord and in superior
cervical ganglion during electrical stimulation of sciatic nerve or cer-
vical sympathetic trunk at different frequencies, respectively. Derived
from data of Kadekaro et al. (5) (Top) and Yarowsky et al. (4) (Bot-
tom).

the need for more Na*,K+-ATPase activity to restore the
1onic gradients across the membranes to their resting lev-
els. Increased ATPase activity would be expected to
lower the ATP concentration and ATP/ADP ratio and
raise the ADP, phosphate acceptor, and inorganic phos-
phate levels within the cell; these are all intracellular
changes that can stimulate both glycolysis and electron
transport and, therefore, energy metabolism. In many of
the conditions in which the ['*C]DG method showed lo-
cal increases in ICMR,,, elevations in [K*], have been
found in the affected tissues. To examine directly the
effects of increased [K*], in vivo Shinohara et al. (6)
applied K+ directly to the cerebral cortex of rats, a pro-
cedure known to depolarize cell membranes and to cause
spreading cortical depression, which itself raises [K~],.
Cerebral cortical glucose utilization was found to be pro-
foundly increased as well (Fig. 3). The possibility that
activation of Na*,K*ATPase activity by membrane-de-
polarizing stimulation was responsible for the coupling
of energy metabolism to functional activity was exam-
ined in rat neurohypophysis incubated in vitro under



Functional Activation and Energy Metabolism in Neural Tissues 323

Fig. 3. [“C]Deoxyglucose autoradiograms showing changes in
ICMR,,, during K*-induced spreading cortical depression and during
recovery in the rat; greater densities indicate higher ICMR,,.. In all
cases the experimental side on the left was treated with KCl, and the
control side on the right was treated with equivalent concentrations of
NaCl. (A) Autoradiograms of brain sections at various levels of ce-
rebral cortex from conscious rat in which spreading cortical depression
was produced and sustained on left side by 5 M KCl applied to surface
of intact dura over parietal cortex every 15-20 min; right side treated
comparably with NaCl.

(B) Autoradiograms of brain sections at level of parietal cortex from
three rats under barbiturate anesthesia. Top section is from normal,
anesthetized rat; middle section is from similarly anesthetized rat in
which 80 mM KCl in artificial cerebrospinal fluid was repeatedly ap-
plied directly to the surface of the left parietal cortex; bottom section
is from similarly anesthetized rat studied immediately after return of
cortical DC potential to normal after a single wave of spreading de-
pression induced by a single application of 80 mM KCl to the parieto-
occipital cortex of the left side. From Shinohara et al. (6).

conditions in which such stimulation promoted vaso-
pressin secretion (7). Electrical stimulation raised
[*C]DG phosphorylation, indicating increased glucose
utilization, and this increase was completely blocked by
addition of ouabain, a specific inhibitor of Na*,K+-ATP-
ase that does not inhibit spike generation or hormone
secretion (Table [A). The cell membranes were also de-
polarized by addition of veratridine, which opens volt-
age-dependent Na* channels and allows Na* entry into
the cells. Veratridine also markedly stimulated ['*C]DG
phosphorylation, and again the stimulation was pre-
vented by either ouabain or tetrodotoxin, the latter a
blocker of voltage-gated Na* channels (Table IB). The
increased [*C]DG phosphorylation was not related to

stimulation of vasopressin secretion; the posterior pitu-
itary glands cannot be stimulated to secrete hormone in
Ca*-free medium, but even in such medium veratridine
stimulated ['*C]DG phosphorylation (Table IC).

It appears then that the extra energy metabolism
associated with electrical and functional activation in
neural tissue is not used directly in the generation and
propagation of action potentials. The energy is used
rather to restore the ionic gradients and resting mem-
brane potentials that were partly degraded by the action
potentials. The functional activation of energy metabo-
lism is, therefore, the source of what used to be called
“‘the heat of recovery.”

Localization of Functionally Activated Energy
Metabolism at Tissue Level

Traditional electrophysiology focuses largely on
spike activity in neuronal cell bodies. We initially as-
sumed, therefore, that the increases in ICMRglc associ-
ated with functional activation were primarily in
perikarya. Comparisons between the [“C]DG autoradi-
ograms and the stained brain sections from which they
were prepared did not, however, support this assump-
tion. In autoradiograms of normal rat brain the darkest
(i.e., metabolically most active) region in the hippocam-
pus was first thought to represent the pyramidal cell
layer but was found to be the molecular layer, a synapse-
rich, cell-poor region (Fig. 4). In the striate cortex of the
normal monkey 1CMR,, is highest in a sub-layer of
Layer IV that is not particularly rich in cellular elements;
it is the layer where axonal terminals of the afferent
geniculocalcarine pathway synapse with dendrites of
neurons situated in other laminae of the visual cortex
(Fig. 5A, C) (8). It is in this neuropil-rich layer that
ICMR,,, is most reduced when visual input is interrupted
(Fig. 5B). Osmotic stimulation by salt-loading markedly
increases ICMR . in the neurohypophysis 40% of which
consists of axonal terminals derived from the afferent
hypothalamo-neurohypophysial tract (9), while the su-
praoptic and paraventricular nuclei in the hypothalamus,
the sites of the cell bodies where this tract originates,
are essentially unaffected (Fig. 6) (10). On the other
hand, hypotension produced by a-adrenergic blockade,
hemorrhage, etc. markedly stimulates ICMR,,. in these
nuclei (Fig. 6). The difference is that osmotic stimulation
acts directly on the cell bodies whereas hypotension ex-
erts its effects on the cell bodies in these nuclei via af-
ferent inputs from the brain stem (e.g., the nucleus
tractus solitarius) that are part of the neural pathways of
the baroreceptor reflexes. These results indicate that it is
mainly the energy metabolism in regions rich in neuropil
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Table 1. Influence of Sodium Pump Activity and Neurosecretion on [“C]Deoxyglucose Uptake in Posterior Pituitary In Vitro®
Condition ['*C]Deoxyglucose Uptake (Cpm/100 pg protein/15 min)

A. Dependence on activation of sodium pump — Electrical Stimulation

Controls (4) 988 = 19
+ Electrical stimulation at 10 Hz (4) 1272 = 57°
+ Electrical stimulation at 10 Hz + ouabain (4) 1018 + 51¢
B. Dependence on activation of sodium pump — Opening Na+ channels
Controls (14) 1381 + 50
+ Veratridine (14) 1891 + 85¢
+ Tetrodotoxin (9) 1209 + 84
+ Veratridine + Tetrodotoxin (8) 1551 = 72¢
+ Quabain (4) 1318 + 57¢
+ Veratridine + Ouabain (4) 1218 = 120¢
C. Independence from activation of secretion (Ca>* — free medium)
Controls (in Ca** — free medium) (6) 1142 + 38
+ Veratridine (in Ca?* — free medium) (6) 1681 + 78

“The values represent means += SEM of results obtained in number of experiments indicated in parentheses.

‘Indicates statistically significant difference from controls (p < 0.001).
“Indicates no statistical significant difference from controls.
From Mata et al. (7)

and synapses and not cell bodies that is linked to func-
tional activity.

In order to compare directly the effects of func-
tional activation on ICMR_,, in perikarya and nerve ter-
minals in the same pathway, Kadekaro et al. (5)
electrically stimulated the sciatic nerve of the anesthe-
tized rat at different frequencies and measured ICMR,,
in both the dorsal root ganglia and dorsal horn of cor-
responding segments of the lumbar spinal cord. The ad-
vantage of this system is that the body of the dorsal root
ganglion contains perikarya devoid of neural processes,
and cell bodies free of nerve terminals can, therefore, be
examined simultaneously with the nerve terminals of the
same pathway in the dorsal horn of the spinal cord. The
results confirmed that it is the ICMR,, in the region of
the nerve terminals and not the cell bodies that is linked
to the functional activity. Glucose utilization in the dor-
sal horn of the lumbar spinal cord increased linearly with
increasing frequency of stimulation but showed no
changes in response to electrical stimulation in the re-
gion of the cell bodies of the same pathway in the dorsal
root ganglia (Fig. 7). The failure of the perikarya in the
dorsal root ganglion to respond metabolically to electri-
cal stimulation may be surprising, but there is evidence
that the soma membrane of neurons is not very excitable
and not very productive of action potentials because of
a relative paucity of voltage-gated Na* channels. Smith
(11), using patch clamp electrodes, obtained evidence
that soma and dendrites of spinal cord neurons and soma
of dorsal root ganglion cells cultured in vitro do not
generate action potentials. Freygang (12) and Freygang
and Frank (13) had previously concluded from analyses

Fig. 4. [“C]Deoxyglucose autoradiogram of normal, conscious rat
brain. Greater optical density reflects greater ICMR,,.. Note high rate
in molecular layer of hippocampus.

of extracellular potentials recorded from single spinal
motor neurons and single neurons in the lateral genicu-
late nucleus that the soma-dendritic membrane can be
driven synaptically to produce post-synaptic potentials
but not propagating action potentials. If action potentials
normally mediate the coupling of energy metabolism to
functional activity and they are absent in the perikarya,
then increased glucose metabolism due to functional ac-
tivation is not to be expected. Some energy metabolism
does, of course, proceed in cell bodies even at rest, but
it is probably used more for vegetative and biosynthetic
processes needed to maintain cellular structural and
functional integrity rather than for processes directly re-
lated to functional activity.

The finding that rates of energy metabolism are
linked to spike frequency in neuropil and not in cell
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Fig. 5. [“C]Deoxyglucose autoradiograms demonstrating effects of bi-
lateral and monocular visual occlusion on ICMR,,, in striate cortex of
conscious monkey. Greater optical density indicates greater ICMR,,.
(A) Striate cortex from animal with both eyes open. Note heterogeneity
in laminae; the darkest lamina corresponds to Layer IV. (B) Striate
cortex from monkey with both eyes patched. Note general reduction
in density and almost complete disappearance of laminar heterogene-
ity, especially in Laye IV. (C) Striate cortex from animal with only
right eye patched. Left half of autoradiogram corresponds to left hemi-
sphere contralateral to occluded eye. Note alternating dark and light
columns traversing the full thickness of the striate cortex which rep-
resent the ocular dominance columns. The dark bands represent the
columns for the open eye; the light bands represent the columns for
the patched eye and demonstrate the reduced glucose utilization re-
sulting from reduced visual input. The arrows point to regions of bi-
lateral asymmetry; these are the loci of representation of the blind
spots of the visual fields. From Kennedy et al. (8).

bodies should help to resolve questions about possible
differences in the metabolic responses to functional ex-
citation and inhibition. Increases in glucose utilization
have been observed in structures in which electrophy-
siological evidence indicated inhibition of neuronal ac-
tivity, thus raising questions whether active inhibition
required energy just like excitation. It appears, however,

Fig. 6. Effects of activation of hypothalamo-neurohypophysial path-
way by salt-loading or hypotension on ICMR,,, in the conscious rat.
(A) Histological sections of brain stained with cresyl violet (Nissl) and
pituitary stained with toluidine blue demonstrating positions of su-
praoptic nucleus (SON), paraventricular nucleus (PVN), posterior pi-
tuitary (PP), and anterior pituitary (AP). (B) ["“C]Deoxyglucose
autoradiograms of brain and pituitary from normal control rat drinking
only water. (C) ["*C]Deoxyglucose autoradiograms from rat given 2%
(w/v) NaCl in drinking water for 5 days. Note selective marked in-
crease in density in posterior hypophysis, indicating increased glucose
utilization. (D) [**C]Deoxyglucose autoradiograms from rat made hy-
potensive by administration of 20 mg/kg of phenoxybenzamine 45-60
minutes prior to administration of the [“Cldeoxyglucose. Note selec-
tive increases in labeling of supraoptic and paraventricular nuclei and
posterior pituitary. From Schwartz et al. (10).

that it is the spike activity in the afferent nerve terminals
that is responsible for the energy consumption, and this
activity is the same whether the terminals are releasing
excitatory or inhibitory neurotransmitters. The energy
metabolism of the post-synaptic cell bodies, whether ac-
tivated or inhibited, is not significantly altered, and to
determine which has occurred, it is necessary to look
downstream at the next synapses in the projection zones
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Fig. 7. Frequency-dependent effects of electrical stimulation of sciatic
nerve on ICMR,, in dorsal root ganglion and dorsal horn of lumbar
spinal cord. Error bars represent SEM. From Kadekaro et al. (5).

of those neurons. Glucose utilization is depressed in the
projection zones of inhibited neurons and increased in
the projection zones of excited neurons.

Cellular Localization of Functional Activation of
Energy Metabolism

The neuropil, in which functionally activated en-
ergy metabolism is localized, contains not only neuronal
elements, e.g., axonal terminals, dendritic processes, and
synapses, but also astrocytic processes as well. Because
increases in ICMR,,, are directly related to frequency of
spike activity and linked to Na*, K*-ATPase activity, and
action potentials are reflections of increased Na* influx
and K+ efflux in neurons, it is likely that some of the
extra energy metabolism is used to restore the ionic gra-
dients in the neuronal elements where the action poten-
tials are produced. Astrocytic processes, which envelop
the synapses, might also be involved in the metabolic
response. Astrocytes are believed to regulate [K+], either
by passive diffusion (14,15) and/or active transport (16)
following increases in [K*], resulting from neuronal ex-
citation (17,18), and studies with tissue slices (19,20) or
cultured cells (21-25) have indicated that energy is con-
sumed in the process. The spatial resolution of the au-
toradiographic deoxyglucose method is limited to 100—
200 pum (26) which is inadequate to identify the specific
cellular or subcellular elements in neuropil that contrib-
ute to the increases in 1CMR,,. during functional acti-
vation. Therefore, to approach this question, changes in
the extracellular medium expected to result from in-
creased spike activity in vivo were simulated in vitro,
and their effects on glucose metabolism of cultured neu-
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rons and astroglia were studied. Spike activity in neu-
ronal processes leads to increased extracellular K+ and
intracellular Na* concentrations and release of neuro-
transmitters. Therefore, the effects of elevated [K+], and
[Na*],, and of glutamate, the most prevalent excitatory
neurotransmitter in brain, on glucose utilization in cul-
tured neurons and astroglia were examined (27). Neu-
ronal and mixed neuronal-astroglial cultures were
prepared from striatum of fetal rats (embryonic day 16)
and used in assays after 6-8 days in culture. Astroglial
cultures were prepared from cerebral cortex of newborn
rats and assayed when confluent after 1929 days in cul-
ture. Glucose utilization was assayed by measurement of
the ["“C]deoxyglucose-6-phosphate formed and accu-
mulated in the cells during incubation at 37°C.

Effects of Increased [K*], Increased [K* ] in the
range of 5.4 to 56 mM during the assay significantly
stimulated [*C]DG phosphorylation in both neuronal
and mixed neuronal-astroglial cultures after incubations
of 15 and 30 minutes (Fig. 8) (27). This effect in neurons
was found to be ouabain-sensitive, indicating involve-
ment of Na*,K*-ATPase in the mechanism of the effect
(data not shown). In contrast, raising [K*], in the same
range had no such effect in the cultured astroglia. In fact,
the highest levels of [K* ], examined tended to inhibit
[*CIDG phosphorylation in astroglia (Fig. 8). Addition
of dibutyryl cAMP (dbcAMP) to the culture medium
transform astroglia from protoplasmic to fibrous type;
this raises baseline rates of ['“C]DG phosphorylation but
does not result in stimulation of [**C]DG phosphoryla-
tion by elevated [K*], (27).

Effects of Increased [Na*]. Contrary to the lack of
effect by increased [K*],, Na* entry into the cells pro-
moted either by veratridine, which opens membrane
voltage-gated Na+ channels, or by monensin, a Na*
ionophore, markedly stimulates ["“*C]DG phosphoryla-
tion in astroglia, provided Na* is present (Fig. 9) (23,27).
Tetrodotoxin, which blocks voltage-dependent Na* chan-
nels, does not alter baseline rates of [“C]DG phospho-
rylation in astroglia; it does, however, prevent
stimulation by veratridine but has no effect on the mo-
nensin stimulation (Fig. 9). Ouabain, the Na*,K*-ATPase
inhibitor, lowers basal rates of ['“C]DG phosphorylation
and completely blocks the stimulation by veratridine, but
only partially suppresses the monensin stimulation (Fig.
9). The absence of a tetrodotoxin effect and an only
partial ouabain effect on the monensin stimulation can
be explained by the fact that monensin-induced Na* en-
try is not through voltage-dependent Na* channels and
is, therefore, insensitive to blockade by tetrodotoxin.
Monensin is a Na*/H* exchanger that exchanges extra-
cellular Na* for intracellular H*, raising Na* and lower-
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Fig. 8. Effects of [K*], on rates of ['*C]DG phosphorylation in cultured
neurons (6-day old culture), mixed neuronal-astroglia (6-day old cul-
ture), and astroglia (19-day old culture, no dbcAMP). Values are
means + SEM obtained from quadruplicate wells. Numbers above
bars indicate duration of incubation. *p < 0.05, **p < 0.01 compared
to the 5.4 mM [K*], (Dunnett’s test for multiple comparisons). Rep-
resentative of at least three such experiments for each condition. From
Takahashi et al. (27).

ing H* concentrations in the cells. Both ionic changes
can enhance glucose metabolism, the former by ouabain-
sensitive stimulation of Na*,K*-ATPase activity, and the
latter by ouabain-insensitive stimulation of phosphofruc-
tokinase activity due to increased intracellular pH.
Effects of Glutamate on [“*C]Deoxyglucose Phos-
phorylation in Astroglia. In contrast to the lack of an
effect of elevated [K*],, glutamate stimulates [“C]DG
phosphorylation in astroglia (27,28) (Fig. 10). This stim-
ulation is Na*-dependent, ouabain-sensitive, unaffected
by tetrodotoxin, and insensitive to NMDA and non-
NMDA glutamate receptor antagonists (Fig. 10). DL-
Threo-B-hydroxyaspartate, a competitive inhibitor of
glutamate reuptake by the Na‘/glutamate co-transport
system (29), itself stimulates ['“C]DG phosphorylation,
and glutamate no longer stimulates in its presence. The
hydroxyaspartate stimulation is also blocked by ouabain,
absent in Na*-free medium, and unaffected by tetrodo-
toxin and inhibitors of NMDA or non-NMDA receptors.
These results indicate that glutamate does stimulate glu-
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cose utilization in astroglia but not by actions at gluta-
mate receptors or voltage-dependent Na* channels. It is
instead mediated by increased [Na*]; resulting from co-
transport of Na* with glutamate reuptake by the
Nat*/glutamate co-transporter.

CONCLUSIONS

The main work of neural tissues that requires en-
ergy derived from metabolism is clearly related to the
generation and propagation of action potentials which
carry the information neurons transmit to one another.
Normally, the almost sole substrate for energy metabo-
lism in neural tissues is glucose, and its utilization in-
creases almost linearly with spike frequency in
functionally activated regions. Spikes reflect Na* efflux
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and K+ influx in the neuronal elements where they are
generated, and the greater the spike frequency the greater
the ionic displacements. The increased extracellular K*
and intracellular Na* concentrations, particularly the lat-
ter, stimulate Na*,K*-ATPase activity to restore the ionic
gradients to their normal resting levels, and energy me-
tabolism is then increased to resynthesize the ATP con-
sumed in that process. Functional activation of glucose
utilization is essentially confined to neuropil which con-
tains axonal, dendritic, and astrocytic processes. Obvi-
ously, some of the increased energy metabolism must
occur in the axonal terminals and dendrites where the
spikes are generated. Functional activation of energy
metabolism is not seen in perikarya, presumably because
they have few voltage-dependent Na* channels and,
therefore, generate few if any action potentials.
Astrocytes contribute to the increased energy me-
tabolism in neuropil during functional activation, but by
other mechanisms. Astrocytic membranes can be depo-
larized by increased [K*];, but they do not produce action
potentials that would allow the Na* influx into the cells
needed to stimulate Na*,K*-ATPase activity. Action po-
tentials in axonal terminals, however, are associated with
release of neurotransmitters. Glutamate is the most prev-
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alent excitatory neurotransmitter in brain, but it is also
a neurotoxin, and its extracellular concentration must be
kept low by astrocytic reuptake via Na*-dependent glu-
tamate transporters that transport 2—3 Na* ions with each
glutamate molecule into the cell. The increased [Na*];
then results in stimulation of Na*,K*-ATPase activity
and energy metabolism.

Astrocytic processes surround the capillaries that
bring glucose to the brain, and some if not all the glu-
cose must traverse them before reaching the neurons.
Evidence has been accumulating that astrocytes first me-
tabolize glucose to lactate which they then release to the
neurons for oxidation to CO, and H,O (30,31). If so,
then increased glucose utilization by astrocytes may be
essential for the increased energy metabolism by neu-
ronal elements during functional activation.
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